Controls of stem cell maintenance and early differentiation are known in several systems. However, the progression from stem cell self-renewal to overt signs of early differentiation is a poorly understood but important problem in stem cell biology. The Caenorhabditis elegans germ line provides a genetically defined model for studying that progression. In this system, a single-celled mesenchymal niche, the distal tip cell (DTC), employs GLP-1/Notch signaling and an RNA regulatory network to balance self-renewal and early differentiation within the "mitotic region," which continuously self-renews while generating new gametes. Here, we investigate germ cells in the mitotic region for their capacity to differentiate and their state of maturation. Two distinct pools emerge. The "distal pool" is maintained by the DTC in an essentially uniform and immature or "stem cell-like" state; the "proximal pool," by contrast, contains cells that are maturing toward early differentiation and are likely transit-amplifying cells. A rough estimate of pool sizes is 30-70 germ cells in the distal immature pool and ≈150 in the proximal transit-amplifying pool. We present a simple model for how the network underlying the switch between self-renewal and early differentiation may be acting in these two pools. According to our model, the self-renewal mode of the network maintains the distal pool in an immature state, whereas the transition between self-renewal and early differentiation modes of the network underlies the graded maturation of germ cells in the proximal pool. We discuss implications of this model for controls of stem cells more broadly.
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stem cell niche | self-renewal | transit amplification | network dynamics | developmental timing S tem cells generate tissues during development and maintain them in adults. The stem cell niche is an important and wellcharacterized regulator of stem cells. Signaling from the niche maintains stem cells in a stem cell state, whereas movement from the niche occurs as stem cell daughters mature and begin the path toward differentiation (e.g., refs. 1 and 2). One simple model has been that niche signaling controls asymmetric cell division so that stem cells produce one stem cell daughter and one daughter destined to differentiate (3) . According to this model, tissue homeostasis is controlled at the level of individual cells. Alternatively, homeostasis can be controlled at a population level (2, 4) . Although superficially distinct, these two stem cell systems could be controlled by a similar underlying regulatory logic.
Caenorhabditis elegans germ-line stem cells are regulated as a population (4, 5) . In this system, a single mesenchymal cell, the distal tip cell (DTC), provides the stem cell niche and maintains a group of ≈200 mitotically dividing cells within the "mitotic region" at the distal end of the gonad ( Fig. 1 A and B) . This mitotic region is essential for germ-line self-renewal (5) (6) (7) . As germ cells move proximally out of the mitotic region, they enter early meiotic prophase ( Fig. 1 A and B) ; more proximally, they progress through meiotic prophase and ultimately make gametes near the proximal end of the gonad. Germ "cells" are interconnected via a common cytoplasmic core and they are likely to move proximally as a group (7, 8) . Because the distal-most germ cells have no additional input from more distal cells, they are inferred to be the "actual" stem cells, which are defined as those that actually make more stem cells and also generate differentiated progeny (7, 9, 10) (Fig. 1A) .
A well-defined regulatory network controls the balance between germ-line self-renewal and early differentiation (meiotic entry) (5) (Fig. 1C ). Regulators that promote self-renewal include GLP-1/Notch signaling and two nearly identical Pumilio and FBF (PUF) RNA-binding proteins (11) (12) (13) . Regulators that promote meiotic entry include three GLD proteins that regulate RNA (14) (15) (16) (17) (18) (19) (20) (21) (22) . Germ-line self-renewal is eliminated when the network becomes unbalanced by a loss of mitosis-promoting factors (11, 12) ; by contrast, germ-line tumors arise when the network becomes unbalanced by either deregulation of mitosispromoting factors or removal of meiosis-promoting factors (15, 16, 23, 24) . Importantly, both Notch signaling and PUF proteins are conserved stem cell regulators (25) (26) (27) .
The mitotic region is patterned with respect to both the expression of certain key regulators as well as cell cycle properties (7, 12, 13, 16, 17, 20, (28) (29) (30) . For example, meiotic S-phase begins in the proximal-most germ cells of the mitotic region ( Fig. 1A) , and GLD-1, a translational repressor that promotes meiotic entry, is barely detectable in the distal mitotic region, but becomes easily detectable in the midmitotic region and abundant once germ cells have entered meiotic prophase ( Fig. 1D ). These variations within the mitotic region raise the question of whether mitotically dividing germ cells also vary in their ability to differentiate and what mechanisms control that patterning. We have addressed this question by blocking cell movement and asking whether, with time, germ cells at different positions in the mitotic region progress toward meiotic entry or remain in an immature, undifferentiated state. Our results identify two pools within the mitotic region. Germ cells in a distal pool, defined by position close to the DTC niche, exist in an immature and essentially uniform state with respect to differentiation, whereas germ cells in a more proximal pool have begun to mature and are organized in a distal to proximal gradient of maturity. We discuss the existence and properties of these two pools in light of knowledge of the regulatory network controlling self-renewal and early differentiation.
Results
Two Pools Within the Mitotic Region Have Distinct Properties. To ask whether all mitotically dividing germ cells are equivalent in their capacity to enter meiosis, we stopped germ cell movement and scored meiotic prophase over time at fixed positions relative to the DTC. This analysis probes germ cell behavior in the presence of the DTC and Notch signaling. To stop movement, we used emb-30(ts), a temperature-sensitive mutation that blocks the metaphase-toanaphase transition at restrictive temperature (25°C) (31) . To confirm the movement block, we examined germ-line nuclei labeled with the thymidine analog EdU, over time. Whereas all EdU labeling moved proximally in wild-type germ lines at both 20°C and 25°C (7) , label did not move in emb-30 mutants after their shift to restrictive temperature. At both 9 h and 24 h after the shift, the most proximal EdU occurred at a similar position, measured in germ cell diameters from the distal end (gcd) [9 h was 24 gcd, 95% median confidence interval: 23-26 gcd, n = 20; 24 h was 23 gcd, 95% median confidence interval: 20-26 gcd, n = 11).
At permissive temperature (15°C), distal germ lines from emb-30 adults were similar to wild-type with respect to mitotic region size and GLD-1 accumulation ( Fig. 1 D and F) . By contrast, at restrictive temperature (25°C), two distinct domains emerged where the mitotic region had been ( Fig. 1 E and G) . A distal pool of germ cells failed to up-regulate the GLD-1 and HIM-3 differentiation markers, failed to enter the meiotic cell cycle, and accumulated metaphase-arrested cells, whereas the proximal pool of germ cells accumulated GLD-1 and HIM-3 and entered meiotic prophase ( Fig. 1E; Fig. S1A ). Because the more proximal germ cells failed to arrest, their maturation into meiotic prophase likely circumvents mitotic arrest (see Discussion). Germ cells in these two pools therefore differed dramatically in their capacity to enter meiosis.
To examine formation of the boundary between the two pools, we scored emb-30 germ lines at timed intervals (9, 12.5, and 15 h) after the shift. By 15 h, some germ lines (4/15) had some severely abnormal nuclei, making them difficult to score; therefore, we did not take later time points. Figs . We also measured these same features in microns and found their relative positions similar to those scored in gcd ( Fig. S1F ). In shifted emb-30 germ lines, the position of the initial GLD-1 border did not change significantly between 0 and 15 h (P > 0.16), whereas the positions of the second GLD-1 border, the most proximal anti-PH3-positive nucleus and meiotic entry all moved distally (P < 3.1 × 10 −6 , P < 1.4 × 10 −4 , and P < 4.2 × 10 −5 , respectively) and finally came close to converging between 12.5 and 15 h. By 15 h after the shift, the position of meiotic entry and the proximal PH3 boundary were both found at 8 gcd, on average. The GLD-1 boundary was slightly more distal at 6 gcd, on average ( Fig. 1F ). All these features converged to a single site in some germ lines (20% at 12.5 h and ≈30% at 15 h). We conclude that the boundary between the two pools occurs at 6-8 gcd (Fig. 1F , black dotted lines). This boundary corresponds well to the position of the first GLD-1 step in unshifted animals ( Fig. 1D , small red carat). The number of distal pool nuclei was ≈45 at both 12.5 h (average of 46; range of 26-86; 95% median confidence interval 36.5-56) and 15 h (average of 45; range of 24-66; 95% median confidence interval 31-57.5). The number of cells occupying the first six to eight rows in a wild-type germ line is 50-70 and, therefore, we estimate that the number of cells in a wild-type distal pool is likely to be 45-70.
Based on the two domains observed in shifted emb-30 mutants, we suggest that maturation state varies among the ≈200 mitotically dividing germ cells and does so as a function of their position relative to the distal end. Cells in the distal pool were prevented from entering meiosis and appeared immature; cells in the proximal pool entered meiotic prophase, even in the presence of the DTC and Notch signaling. Moreover, because the proximal pool cells entered meiotic prophase progressively (Fig. 1F, blue line) , we also suggest that a maturation gradient exists within the proximal pool (Fig. 1G) .
The DTC Maintains a Distal Pool in an Immature State. To test whether the distal pool of germ cells in shifted emb-30 mutants was maintained in an immature state, rather than being in an abnormal state that precludes maturation, we asked if they could enter meiotic prophase upon DTC removal. To this end, we first shifted emb-30 adults to 25°C, waited 9 h, ablated the DTC, and finally scored germ lines after a further 12 h at 25°C ( Fig. 2A) . In unablated controls, the distal germ cells did not enter meiosis, as assayed by absence of abundant GLD-1 (100%, n = 4; Fig. 2B ), absence of crescent-shaped DNA (100%, n = 10; Fig. 2B ), and absence of chromosomal HIM-3 (100%, n = 6). By contrast, when the DTC was ablated, the distal germ cells accumulated abundant GLD-1 (100%, n = 5; Fig. 2C ) and entered meiotic prophase, as assayed by both crescent-shaped DNA (100%, n = 9) and HIM-3 localization (100%, n = 4; Fig. 2D ). We do not understand the mechanism by which germ cells escape cell cycle arrest after DTC ablation, but note that some nuclei with crescent-shaped DNA and chromosomal HIM-3 had not undergone DNA synthesis after DTC ablation (see Methods, Fig. 2E ). Therefore, these cells appear to have progressed from their cell cycle arrest to meiotic prophase without DNA replication. We conclude that the arrested distal mitotic region cells are maintained in an immature state by DTC signaling and can differentiate in the absence of DTC signaling.
Removal of Notch Signaling Also Reveals Two Pools in the Mitotic
Region. We next tested the state of maturity of germ cells in the mitotic region by a complementary method. Previous studies showed that Notch removal permits meiotic entry throughout the mitotic region (11) . Because relatively immature cells should take longer to enter meiotic prophase than more mature cells, the time taken to enter meiotic prophase after Notch removal should provide a useful measure of germ cell maturity. Based on the emb-30 results, we predicted that germ cells in the distal pool would be most immature and would therefore take longer to enter meiotic prophase than those in the proximal pool. We also predicted that germ cells in the proximal pool would enter meiosis in a spatiotemporal wave.
We removed Notch signaling by using a temperature-sensitive mutation in glp-1, which encodes the Notch receptor for germ line self-renewal. After shifting glp-1(ts) adults to restrictive temperature, we measured the time required before appearance of meiotic prophase nuclei as a function of position within the mitotic region. At permissive temperature (15°C), glp-1(ts) germ lines entered meiotic prophase at ≈12 gcd ( Fig. 3 A and D) . After shifting to 25°C, the average position of meiotic entry progressed gradually from ≈12 to ≈5 gcd over the first five hourly intervals ( Fig. 3 B-D) . This proximal-to-distal wave of meiotic entry is similar to the distal shift in meiotic entry seen in the proximal pool of shifted emb-30 germ lines (Fig. 1F) . By contrast, more distal germ cells (rows 1-5) had entered meiosis by 5.5 h after the shift to 25°C (Fig. 3 B-D) . Thus, germ cells in the distal pool entered meiosis in close synchrony. Moreover, germ cells in the distal pool entered meiosis after the proximal pool, confirming their relative immaturity. The close synchrony of meiotic entry in the distal pool suggests that those germ cells are maintained in an essentially uniform state.
Thus, two pools emerge in the glp-1 experiments: a distal pool with cells in an immature state and a proximal pool with cells that are maturing in a wave. In the glp-1 experiment, the distal pool contains 29 germ cells on average (range of 25-35, 95% median confidence interval [27] [28] [29] [30] , whereas the corresponding region in wild-type animals contains 40 germ cells on average. Although the sizes of the distal pools observed in the emb-30 and glp-1 experiments were not identical, they were roughly similar. We conclude that both emb-30 and glp-1 experiments identify two pools of germ cells within the mitotic region, a distal immature pool and a proximal maturing pool. 
Discussion
We have identified two pools within the mitotic region of the C. elegans germ line. A distal pool exists in an essentially uniform state of immaturity, and a proximal pool has begun to mature toward differentiation (Fig. 4A ). Here we discuss those two pools in light of previous analyses, including the molecular network controlling the decision between germ-line self-renewal and early differentiation. We propose a simple model to explain how cells are controlled to progress from a stem cell state to early differentiation (Fig. 4B) .
The Distal Pool Is Composed of Stem Cell-Like Cells. The distal pool contains the most immature cells in the entire germ-line tissue and the DTC maintains that distal pool in its immature state. We suggest that this pool is in a stem cell-like state. The distal pool comprises ≈30-70 germ cells, which all behave similarly in the assays reported here. Despite this similar behavior, heterogeneities exist within the distal pool in terms of cell cycle properties (29), FBF-1 expression (12) , and DTC contact (7) . In addition, it seems likely that a hierarchical lineage relationship exists among cells in the distal pool. We previously inferred that cells immediately adjacent to the DTC body are likely to be actual stem cells, which generate more actual stem cells plus cells destined to differentiate (7) ; lineaging experiments to test this idea are not yet technically feasible. Our discovery of the distal pool of cells maintained in an essentially equivalent immature state suggests that the daughters generated by the actual stem cells are maintained as potential stem cells, as discussed in Potten and Loeffler (10) . Thus the stem cell pool likely consists of both actual and potential stem cells. Heterogeneity among cells with self-renewal potential exists in other systems as well (2, (32) (33) (34) . According to our model, germ cells are triggered to leave the stem cell-like state when they move from the distal pool to the proximal pool (Fig. 4B) . The position of that trigger determines the size of the distal pool, which we predict to be ≈30-70 germ cells in a wild-type germ line. This rough number is consistent with the ≈35 germ cells recently found to regenerate a complete and functional adult germ line after starvation (35) . We note that our distal pool and the ≈35 cell pool found by Angelo and Van Gilst were defined by different assays and that the optimal number of germ cells preserved upon starvation may not precisely match the optimal number of cells kept in a stem cell-like state under well-fed conditions. The molecular basis of the trigger to leave the stem cell state is not understood. One plausible mechanism is a drop in Notch signaling that might occur after loss of physical contact with the DTC niche. This drop in signaling •••, in turn, would trigger a change in the network and begin the transition from a stem cell-like state to an early differentiated state (Fig. 4A ).
The Proximal Pool Contains Transit-Amplifying Cells. Germ cells in the proximal pool are more mature than those in the distal pool, and they enter meiotic prophase despite the presence of the DTC if a cell cycle block is imposed to stop movement. We suggest that germ cells normally commit to maturation when they leave the distal pool. It is possible that emb-30 removal may affect cell fates in addition to its effect on cell movement (for example, by eliciting different checkpoint responses in distal and proximal pools or by directly controlling regulator activity). Testing whether such effects occur and whether they contribute to the distinction between the two pools awaits further experiments.
Maturation in the proximal pool is graded, with the more distal cells in the pool being less mature than the more proximal ones. The distal to proximal maturation gradient suggests that progression from the stem cell state to the early differentiation state may be controlled by a timing mechanism, for example by the kinetics of the network transition between modes. Similar timing mechanisms have been proposed in a wide variety of experimental systems (8) . At the current time, we do not know whether the timing mechanism relevant to C. elegans germ cells is entirely cell intrinsic or influenced by diffusion between the interconnected germ cells.
The germ cells in the proximal pool appear to be transitamplifying cells (Fig. 4B) . Transit-amplifying cells are defined in other systems as having left the stem cell state to mature while at the same time continuing to proliferate (10, 34, 36) . The idea that the mitotic region may include transit-amplifying cells is not new (see, for example, refs. 6, 12, 29, and 37). These earlier works based this idea on expression of markers and cell cycle properties. Here, we have used two complementary assays to learn which germ cells have been triggered to mature and therefore have become committed to the maturation process. Although our model is that cells in the proximal pool are normally committed to mature, we emphasize that our work does not assay the potential of these cells to revert to a stem cell state. Such a potential for reversion is a strong possibility because in other systems, transit-amplifying cells can retain stem cell potential (38) (39) (40) (41) .
Network Control. Fig. 4B presents a simple model for how the network controlling germ-line self-renewal or meiotic entry may work in the distal and proximal pools of the mitotic region. This network can be viewed as existing in two modes, one driving germ-line self-renewal ( Fig. 4B , red line) and the other driving early differentiation (meiotic entry) ( Fig. 4B , green line). We suggest that cells in the distal pool reflect action of the selfrenewal mode of the network and that cells entering overt meiotic prophase have reached its early differentiation mode. In between, in the proximal pool, the network transitions from one mode to the other (Fig. 4B, dotted line) .
Two features of our model (Fig. 4B ) are predicted to govern the sizes of the distal and proximal pools. Distal pool size relies on the position of the trigger that drives the network to leave its self-renewal mode (Fig. 4B, arrowhead) . That position is likely controlled by DTC position, either directly (loss of DTC contact) or indirectly (change in network due to distance from DTC contact). By contrast, the proximal pool size relies, at least in part, on a "maturation timer" that reflects the kinetics of the transition from one network mode to the other (Fig. 4B ). Other factors are also critical (e.g., cell cycle rate). Although the maturation timer idea must be tested by using molecular measures of network kinetics, which we do not yet have, it provides a simple explanation for the progression from stem cell to early differentiation in terms of network dynamics. Indeed, if the proximal pool is controlled in a manner analogous to transitamplifying cells, this concept may also help explain the control of this pool in vertebrates.
Our model for the network control of stem cells and their progeny provides a useful framework for thinking about the plasticity of stem cell controls, both in C. elegans and more generally. By modifying network parameters, the stem cell and transit-amplifying pools can be either increased or decreased in response to physiological, environmental, clinical, or evolutionary challenges. Moreover, if the trigger were positioned close to the niche, an asymmetric stem cell division could result (Fig.  4C) , or if the kinetics of the transition between network modes were sufficiently slowed, a virtually unregulated transit amplification could result (Fig. 4D) . Therefore, understanding the network control of C. elegans germ-line stem cells can serve as a paradigm for understanding more broadly how a network controls stem cells and may have implications for human disease.
Methods
Worm Maintenance. Strains were maintained as described in ref. 42 , at 15°C [permissive temperature for glp-1(q224) and emb-30(tn377)] or 20°C (all other strains). Shifts to restrictive temperature were done with animals grown at 15°C until 36 h past L4 by moving plates to a 25°C incubator or by using an EchoTherm timed incubator (Torrey Pines Scientific; incubator temperature shift occurred in less than 3 min). Animals at 15°C were examined at 36 h past stage L4. The wild-type strain was N2 Bristol.
DTC Ablations. Laser ablations were performed as described in ref. 43 in emb-30; qIs56, whose DTCs express GFP (44) . Room temperature was maintained at 25°C during the entire ablation process. Only worms in which the DTC cytoplasm was observed to ooze out of the cell as a result of ablation were further analyzed; ablations were further validated by nuclear and cellular morphology after microsurgery (ablation also led to a strong reduction or loss of GFP signal after 24 h of incubation). Only 1 gonadal arm was ablated per worm; the unablated arm served as a control.
EdU Labeling After Ablation. To assay germ cell cycle behavior after DTC ablation, emb-30 animals were shifted to 25°C for 9 h, DTCs were ablated and animals were further incubated for 12 h at 25°C on agar plates seeded with Escherichia coli labeled with 1 μM EdU. EdU is a thymidine analog whose incorporation can be used like BrdU to label cells undergoing DNA replication (45); EdU-labeled cells were stained with a Click-iT EdU Alexa Fluor Imaging Kit (Invitrogen, Eugene, OR). Antibody Staining. Antibody and DAPI staining were performed on extruded germ lines as described in ref. 46 . Germ lines were fixed with 2% PFA, permeabilized with 0.1-0.4% Triton X-100 and imaged with a Zeiss LSM510 confocal microscope. Antibodies were anti-PH3, 1:200 (Upstate Biotechnology, Lake Placid, NY) (12); anti-HIM-3, 1:500 (47); and anti-GLD-1, 1:100 (gift of E. Goodwin, Department of Genetics, University of Wisconsin-Madison). GLD-1 and PH3 images in Fig. 1 are average non-0 projections done with a customized version of ImageJ. DAPI images in Fig. 1 are maximum intensity projections of ≈5 focal planes done with ImageJ.
Scoring GLD-1 Boundaries. GLD-1 boundaries were marked in ImageJ by scrolling through z-series and drawing a line through the boundary. Position to the GLD-1 boundary was determined by counting number of DAPI-stained nuclei (gcd) or by measuring the distance (microns) between the line and the distal end of the germ line. When the GLD-1 boundary was not straight across, the average of distal-and proximal-most edges of the boundary was estimated.
Counting Germ Cells in Distal Domain. To estimate the number of cells in the distal pool, we counted nuclei distal to the GLD-1 border. We consider this an estimate because metaphase arrest and abnormal nuclear morphology made counting difficult. The number of cells arrested in metaphase after shifting emb-30 was variable, which could also contribute to the variability in our counts.
Statistics. All calculations were performed by using R (http://r-project.org). The asymptotic Wilcoxon rank sum test was used for pairwise comparisons (two-sided tests) and to derive median confidence intervals. 
